This study experimentally investigates the phenomenon of leading-edge vortex burst on rotating flat plate wings. An aspect ratio 2 wing was driven in pure rotation at a Reynolds number of Re = 2500. Of primary interest is the evolution of the leading-edge vortex along the wing span over a single-revolution wing stroke. Direct force measurements of the lift produced by the wing revealed a single global lift maximum relatively early in the wing stroke. Stereoscopic particle image velocimetry was applied to several chordwise planes to quantify the structure and strength of the leading-edge vortex and its effect on lift production. This analysis revealed oppositesign vorticity entrainment into the core of the leading-edge vortex, originating from a layer of secondary vorticity along the wing surface. Coincident with the lift peak, there emerged both a concentration of opposite vorticity in the leading-edge vortex core, as well as axial flow stagnation within the leading-edge vortex core. Planar control volume analysis was performed at the midspan to quantify the contributions of vorticity transport mechanisms to the leading-edge vortex circulation. The rate of circulation annihilation by opposite-signed vorticity entrainment was found to be minimal during peak lift production, where convection balanced the flux of vorticity resulting in stagnation and eventually reversal of axial flow. Finally, vortex burst was found to be correlated with swirl number, where bursting occurs at a swirl threshold of S w < 0.6. a)
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I. INTRODUCTION
T he formation and maintenance of a stable leading-edge vortex (LEV) on a rotating wing is well known to be markedly different from the vortex shedding observed on a translating wing [1] [2] [3] [4] [5] [6] . Comparisons of these canonical problems have revealed several mechanisms by which vortex attachment may be maintained on the rotating wing. By applying the governing Navier-Stokes equations in a body-fixed reference frame, Lentink The radial component of the velocity field has also been postulated to aid in the prolonged attachment of the leading-edge vortex, but its precise role remains elusive. As Birch, et al. demonstrated, the axial flow through the leading-edge vortex core depends on Reynolds number 9 . Experiments by Birch and Dickinson 10 failed to find evidence of a strong axial flow within the leading-edge vortex core for Re = 120, where the greatest axial flow speeds were observed near the trailing edge. Similarly, a numerical investigation by Aono, et al.
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reported very little spanwise flow within the core at Re = 134, though they reported significant axial flow within the core at Re = 6, 300. Analysis of leading-edge vortex flows has suggested that axial core flows can be strong enough to convect vorticity through the LEV at rates similar to vorticity production at the leading-edge 12 . However, experiments on swept insect wings in translation (such that a component of the freestream is in the axial direction) revealed periodic vortex shedding 8 , as did more recent experiments on swept rectangular wings 13 . While sweep (and the resulting spanwise flow) has not been shown to be sufficient to maintain leading-edge vortex attachment, it has been successfully used to modulate spanwise flow and LEV strength 14 .
At higher Reynolds numbers, the structure of the leading-edge vortex undergoes a fun-damental change. Vortex breakdown is often observed at Reynolds numbers O (10 3 ). At some location along the wing span, the conical shape of the vortex is disrupted by a sudden expansion in effective cross-sectional area 8, 15 . The leading-edge vortex expands to the trailing edge of the wing, with LEV growth seemingly limited by the chord length. As noted by Harbig et al., before breakdown occurs the leading-edge vortex is a well-defined spiral confined to the leading edge of the leeward surface of the wing for approximately 60% of the span, but evolves into an unsteady region of sub-structures near the wing tip 16 . Similarly,
Ozen and Rockwell reported a coherent leading-edge vortex on the inboard 60% span of the wing in their three-dimensional flow reconstruction of planar particle image velocimetry measurements 17 . High-fidelity direct numerical simulations by Garmann and Visbal revealed a coherent leading-edge vortex near the root that remained for the duration of stroke, in contrast to the vortex breakdown (expansion) occurring near the midspan 1 . Furthermore, Garmann and Visbal observed undulations within the vortex core on higher aspect ratio wings. Carr et al. experimentally demonstrated a relationship between the likelihood of vortex breakdown and aspect ratio, with larger aspect ratio wings being more prone to vortex burst 18 . The existence of a burst leading-edge vortex has thus been reported in several works, though the process of leading-edge vortex burst remains unclear.
Vortex burst has more traditionally been studied out of the context of a rotating wing. Flow visualization studies by Escudier et al. documented vortex breakdown patterns in a confined vortex generated by a cylindrical cavity 20, 21 . These experiments revealed that the presence of spiral-type breakdown and bubble-type breakdown were related to the swirl ratio.
Bubble formations revealed an axisymmetric mode of vortex breakdown characterized by a stagnation point along the swirl axis. Stagnation was followed by an abrupt expansion of undergoes vorticity annihilation near the root, which acts to regulate the vorticity present in the region where the vortex is coherent 24 . This self-regulating mechanism was attributed to the entrainment of opposite-sign vorticity from the surface of the wing into the leading-edge vortex. Wojcik and Buchholz state that vorticity annihilation plays a significant role in regulating leading-edge-vortex circulation. When evaluated in the context of previous work on vortex burst, this finding suggests that the abrupt expansion of the LEV (i.e., bursting)
indicates a circulation limit beyond which the LEV cannot remain coherent and attached.
The onset of vortex burst is thus likely to be related to the balance of vorticity generation, annihilation, and transport.
Given the low aspect ratio of flapping wing studies, interactions between the leadingedge and tip vortices are undoubtedly significant. Experiments by Hartloper and Kinzel showed that the tip vortex can be responsible for leading-edge vortex compression and an induced inboard axial flow 25 . Early in a rotary wing stroke, the leading-edge and tip vortices represent distinct structures that combine later in the stroke. Large eddy simulations by Garmann et al. highlighted the evolution of the leading-edge vortex. It was found to remain aligned with the leading edge over much of the wing span, initially pinned to the outboard upper corner of the wing surface 1 . As the wing continued to rotate, however, the leadingedge vortex began to tilt in the streamwise direction toward the trailing edge, and ultimately merged with the tip vortex. Such a merger between the aft-tilted leading-edge vortex and tip vortex was also observed by Carr et al., and was found to create a relatively low-pressure region over the wing tip, elevating the spanwise component of lift impulse 26 . The complexity of vortex interactions is much greater on a rotating wing than on a translating wing. Kim and Gharib performed experimental measurements on the development of the leading-edge and trailing-edge vortices in translation and rotation and found that the vortical structures were more pronounced near the wing tip when undergoing rotation 27 .
The present work examines the process of leading-edge vortex burst using stereoscopic particle image velocimetry analysis to better understand the relationship between axial flow patterns and vortex expansion on a low-aspect ratio flat plate wing undergoing rotational motion. Dye flow visualizations demonstrate the extent of burst experienced by the leadingedge vortex and qualitatively highlight the radial variability between well-behaved conical vortices and their fully burst counterparts. The temporal evolution of the leading-edge vortex vorticity and axial flow fields is documented to quantify both the bursting process and how the observed phenomena are reflected in aerodynamic performance (i.e., lift production). Planar control volume analysis is then employed to determine the relative contribution of opposite vorticity entrainment to the rate of change of leading-edge vortex circulation governing the stable attachment of the vortex. Lastly, the swirl of the vortex is quantified and a criteria for bursting is explored.
II. METHODOLOGY
Experiments were conducted in a 18 in × 18 in × 18 in tank filled with water. As illustrated in Figure 1 , the tank housed a rotary shaft running vertically through its geometric center.
The rotary shaft was fixed at the base of the tank via a bearing and was driven by a stepper motor and belt drive system mounted above the tank (not shown). The stepper motor was controlled using LabVIEW and a National Instruments DAQ card to issue pulses in step-and-direction mode of operation. The rectangular aspect ratio 2 flat plate wing was mounted to the rotary shaft at mid-depth of the tank and driven at a fixed incidence of 45
• , resulting in a single degree of freedom motion corresponding to rotation about the vertical axis.
The rotary wing kinematics followed from modification of a smoothed linear ramp first proposed by Eldredge et al. for pitch maneuvers 28 , resulting in the angular velocity profile given by: 
where Ω max is the maximum angular velocity required to achieve the desired Reynolds number, a is the smoothing parameter, and t 1 and t 2 indicate the initiation and termination times of the angular acceleration phase of an unsmoothed profile. Likewise, t 3 and t 4 correspond to the deceleration phase, and ∆t is the duration of the acceleration (or deceleration) phase, t 2 − t 1 (= t 4 − t 3 ), as shown in Figure 2 . In this figure, ∆t corresponds to an angular acceleration phase of θ acc = 30
• of rotation and the wing is rotated through an azimuthal angle of θ m = 540
The Reynolds number of choice for the current experiments was Re = 2500 and was defined at the three-quarter span position as
where b is the wing span, R 3b/4 is the radial distance to the 3/4 span as measured from the axis of rotation, c is the wing chord length, and ν is the kinematic viscosity. The wing rectangular planform was of aspect ratio 2 with a thickness of t w /c = 0.05. The wing was configured with a root-cutout distance of 0.5c as measured from the rotary axis to the wing root. The minimum tip clearance with respect to the tank wall measured 3.0c, which was shown by Manar et al. to render wall effects negligible for the first few revolutions in unidirectional rotation 29 . The experimental parameters are summarized in Table I . 
A. Flow Visualization
Qualitative flow visualization was conducted by injection of a neutrally buoyant dye at various locations along the leading edge of the wing with the dye velocity in the spanwise direction. During the wing motion, the dye was entrained into the leading-edge shear layer feeding the leading-edge vortex. This configuration proved to be minimally invasive to the governing leading-edge vortex dynamics. Once entrained, dye streaklines swirled about the LEV allowing for qualitative assessment of the vortex structure. Adjacent vortical structures, namely the tip vortex, were also visualized by either convection of the dye along the span or by placement of dye injectors at the wing tip.
B. Force Measurement
An ATI Mini45 load cell sampled at 1000 Hz allowed for the measurement of force and torque on the rotating wing. The 6-axis load cell was mounted to the wing via a vertical strut extending from the center of the load cell to the mounting rod of the plate. This vertical offset was intended to minimize wake interference of the load cell bluff body on the aerodynamic performance of the rotary plate. Results presented here represent forces averaged over 10 consecutive experimental runs. Data was treated with a Butterworth lowpass filter of 20 Hz to remove the natural frequency of the rig as well as noise from the electrical mains. Forces were then non-dimensionalized following Equation (3):
where C F is the force coefficient, F the force of choice, ρ the fluid density, Ω the angular velocity, R 3b/4 the radial position at three-quarters span, and S the planform area of the wing.
C. Stereoscopic Particle Image Velocimetry The wing rotates about the vertical axis to stroke position θ with angular velocity Ω.
were ensemble-averaged over ten runs, which was found to be a sufficiently large dataset to demonstrate convergence in the ensemble average. The displacement error, is taken to be the combination of the random error or measurement uncertainty and the bias error. Based on careful analysis of the results, the random error was estimated as smaller than 0. 
B. Force Measurements
The lift-generating capabilities of a rotating flat plate wing are well documented in the literature 1, 3, 16, 26, 29, 32, 35, 36 . The lift history for the current experiments is given in Figure 6 to demonstrate agreement with the previously reported results, as well as to highlight a few details. The lift history shown here corresponds to a single revolution of the wing (i.e., the wing does not encounter its own wake), and deceleration to rest past θ = 360
• is not shown.
During the acceleration of the wing (shaded region, θ ≤ 30 • ), lift rapidly grows from zero to a local peak coincident with the end of the unsteady wing motion while non-circulatory effects (i.e., added mass) play a significant role in force generation. Beyond this point, noncirculatory forcing goes to zero, but the measured lift continues to rise to C Lmax = 1.41 at
• to 120
• , lift increases as the flow continues to develop around the wing and the leading edge vortex strengthens.
C. Stereoscopic PIV
The leading-edge vortex near the wing root
To quantify spanwise variations in local LEV behavior, stereoscopic particle image ve- At θ = 270
• , the leading-edge vortex structure at r/b = 0.25 is very similar to that earlier in the wing stroke. The primary change in the vortex is an increase in circulation. The leading-edge vortex is of comparable size to that at θ = 30
• , but vorticity levels have risen in both the LEV core and the shear layer that feeds it. The axial flow field is also similar to that at θ = 30
• . Figure 8 gives the leading-edge vortex strength as measured using SPIV at three radial stations throughout a 360
• wing stroke. The leading-edge vortex was identified by taking the sum of the vorticity of neighboring fluid elements satisfying a vorticity threshold greater than or equal to 6% of the maximum. No distinction was made between the leading-edge vortex and the feeding shear layer; the measurements presented here include all neighboring elements of same-sign vorticity. The total vortex circulation is thus given by
where Γ is the circulation of the vortex, A is the area over which the vorticity resides, and ω is the vorticity. Although the structure of the leading-edge vortex at r/b = 0.25 and θ = 270
• bears much resemblance to that at θ = 30
• , the accumulated strength of the vortex is far more substantial at later times. The circulatory strength of the LEV was found to increase with azimuthal angle for all spanwise locations, though the rate of circulation growth slows past θ = 120
• as circulation approaches an asymptotic value. Note that the LEV circulation is not at a maximum at any radial station when the overall wing lift is at its global peak, i.e., at θ = 120
• . Previous work 38,39 on vortex-impulse models of the aerodynamic loading on a flat plate undergoing rectilinear surge suggests that the total lift produced by such a wing is a function of both the vortex circulation and the rate of change of vortex circulation (i.e., vortex growth). In the present study, the vortex was observed to grow past θ = 120
• , albeit at a lower rate. The global lift peak observed at θ = 120
• in the current work supports the vortex-impulse model of force production in that it represents the point at which the combination of the vortex strength and vortex growth terms is at a maximum. Past θ = 120
• , the rate of increase of Γ slows as the vortex approaches its asymptotic strength.
The leading-edge vortex at midspan
As suggested by the dye flow visualizations of Figure 4 and further substantiated by the PIV of Figure 7 , the structure of the leading-edge vortex near the wing root does not fundamentally change over the wing stroke. However, based on Figure 4 , we expect the leading-edge vortex to experience rapid enlargement and significant increase in the degree of mixing present at the midspan, i.e., vortex burst. Refer also to Figure 5 for a graphical summary of the vortex bursting process detailed below.
At θ = 30
• , prior to burst, the leading-edge vortex at the midspan is a coherent structure that originates from the shear layer and extends to cover about one-third of the wing chord, as shown in Figure 9 (a). The conical three-dimensional structure of the LEV is made evident by observing that its cross-sectional area is larger at the midspan than at quarter-span for any given azimuthal position. (Compare Figures 7 and 9 .) At θ = 30
• , the area of the LEV is A/c 2 = 0.052 at r/b = 0.25 ( Fig. 7) , and 0.095 at r/b = 0.5 (Fig. 9) . The axial flow field at θ = 30
• is similar at the quarter-span (Fig. 7) and midspan ( Fig. 9) At θ = 270
• (Fig. 9(b) ), however, the leading-edge vortex has burst at midspan and expanded in size considerably. The reattachment streamline now gives the vortex size as approximately a half-chord in diameter, and the overall shape of the vortex is more oblong than round. The coherency that was present earlier in the wing stroke has vanished and the vortex core is now marked by pockets of opposite-sign vorticity. Despite the inhomogeneous vorticity distribution of the leading-edge vortex at θ = 270
• , the structure remains attached to the wing as indicated by the streamlines in Figure 9 (b). Streamlines computed from the measured velocity field reveal a closed recirculating region above the wing. They navigate the leading edge, enclose the bulk of the leading-edge vortex, and reattach to the wing surface.
The axial flow field at θ = 270 • ( Fig. 9(d) ) is markedly different from that at earlier times. Here, the root-to-tip axial flow has migrated aft of the leading-edge vortex and is predominantly located along the wing surface, in the region of secondary vorticity. In this region, the magnitude of the radial flow is on par with the wing tip velocity. Note also that within the core of the LEV there now exists a small region of tip-to-root flow, signifying a core flow reversal that was not present at the earlier wing azimuthal angle of θ = 30
• . Figure 9 shows that the LEV structure changes significantly at mid-span, but does not capture the process by which this occurs. This process is documented in Figure 10 , which gives a quantitative measure of the size of the leading-edge vortex and the magnitude of the vorticity contained within it at the midspan as a function of azimuthal angle, and Figures   11 and 12 , which provide vorticity and axial flow fields at greater azimuthal resolution approaching the global lift peak at θ = 120
• . Note that the value given in Figure 10 is the mean positive vorticity contained within the LEV, not the integrated vortex strength.
At the start of the wing stroke, the LEV grows quickly in both size and mean vorticity ( Fig. 10) . Early in the wing stroke, θ < 60
• , the shear layer contributes vorticity that is distributed such that the cross-sectional area of the vortex grows while the mean vorticity remains near-constant. Later in the stroke, the area and mean vorticity of the LEV both grow, from A/c 2 = 0.095 and ωc/V tip = 9.36 at θ = 30
• to A/c 2 = 0.122 and ωc/V tip = 9.34 at θ = 45
• . The vorticity composition of the LEV itself remains homogeneous, comprised solely of positive vorticity (Fig. 9) . However, the region of secondary vorticity under the LEV grows during this time and soon begins to move upwards between the LEV and the feeding shear layer. By θ = 90
• , the opposite-signed vorticity has penetrated the leadingedge vortex, separating the LEV from the feeding shear layer. The mean vorticity contained within the LEV at mid-span reaches a maximum near θ = 90
• , falls off, and later recovers (Fig. 10 ).
The entrainment of negative vorticity continues at θ = 100
• , where interactions with the wing tip speed. Shortly thereafter, the core flow decelerates to stagnation at θ = 105
• , a precursor to flow reversal at θ = 110
• . Flow stagnation and reversal is spatially coincident with the pocket of negative vorticity observed within the LEV core at θ = 110 • in Figure 11 .
Just as the region of negative vorticity grows within the core at θ = 115
• , so too does the region of axial flow reversal. At long times, for θ ≥ 180
• and in a fully burst vortex, the radial velocity is greatest on the aft portion of the wing surface.
D. Contributions to LEV Circulation
Two key observations have been made of the flow over a rotating wing thus far: peak lift production occurs near θ = 120
• , and the leading-edge vortex bursts near the midspan of the wing. It now remains to evaluate the flow field at the point of peak lift and quantify the sources of vorticity within the leading-edge vortex. Previous work by Wojcik and Buchholz
24
has given an approach to isolate the contributions of vorticity to the LEV, and this approach is employed here to evaluate the effect of entrainment of opposite-sign vorticity within the leading-edge vortex on force production. In a similar fashion, the circulation associated with the entrained negative vorticity is quantified throughout the wing stroke and is also given in Figure 13 . Measurement of entrained circulation excludes that along the surface of the wing; it accounts only for the elements of negative vorticity that are fully encompassed within the region of positive vorticity identified as the leading-edge vortex. I.e., the opposite-signed (negative) vorticity is taken to be "entrained" if it is fully contained with the LEV core, defined as Soon thereafter, there exists a peak in lift production at θ = 120 • ( Figure 6 ). Note, however, that the LEV continues to grow and is stronger at later times despite the measured lift being lower. This suggests that the position of the LEV relative to the wing surface plays a role in lift production. Although the leading-edge vortex is stronger later in the wing stroke, the center of the LEV moves away from the wing surface and the total lift is reduced. This phenomenon has been previously observed on translating wings 3,38,41 .
To better quantify the impact of negative vorticity entrainment on the leading-edge vortex structure and the role of vortex burst in lift generation, planar control volume analysis was performed at the midspan of the wing, r/b = 0.50. Two additional chordwise planes of stereoscopic particle image velocimetry measurements were acquired about the midspan plane as illustrated in Figure 14 . The three planes were separated by an incremental spanwise displacement dz measuring 0.012b and are denoted as (k − 1, k, k + 1) from root to tip, respectively. Figure 14 also provides a glimpse into the spanwise variability of the bursting process. The midspan of the LEV at θ = 115
• azimuth is as previously described with entrainment of negative vorticity and neutralization thereof coincident with core flow reversal. However, there exists no discernible vorticity void within the core in the (k − 1) plane. Moreover, the axial velocity within the core is directed outboard, from wing root to tip.
Slightly further outboard, the (k + 1) plane reveals a larger amount of negative vorticity within the LEV core. The corresponding axial velocity within the vortex core is reversed, directed inboard with a magnitude approaching half the wing tip speed. Together, these measurements demonstrate that the axial flow within the leading-edge vortex decelerates at the point of vortex burst 42 .
To quantify the importance of opposite-sign vorticity entrainment in regulating the leading-edge vortex circulation, the control volume analysis technique of Wojcik and Buchholz 24 was employed. Consider the vorticity transport equation of an incompressible fluid with constant properties and conservative body forces as given by Equation (5):
Integrating Equation (5) over the planar region of interest and retaining the z -component (where the z -direction is normal to the analysis plane) yields the circulation rate equation:
where additional terms representing vorticity flux (via the shear layer) into the LEV across L (see Fig. 14 ) and annihilation Φ due to entrainment have been included. A more complete derivation of Equation 6 is given in the appendix, but note that the term on the left-hand side of the equation is the temporal rate of change of the positive leading-edge vortex circulation. Of the convection terms in Equation (5), only the spanwise component of convection is retained, and is given as the first term on the right-hand side of Equation (6) . In the current analysis, the spanwise derivatives were computed by a central difference about the k-plane. In-plane derivatives of convection are deemed negligible on the control volume boundary because the control volume is defined by a vorticity threshold contour and so vorticity gradients are low. Absent from Equation (6) shear-layer flux, emphasizing the deceleration of axial core flow over the annihilation effects of negative-vorticity entrainment.
Referring back to Figure 6 , the global lift maximum occurs at a stroke angle of θ = 120
• .
The rise to this maximum corresponds to the simultaneous entrainment of opposite-sign vorticity and deceleration of radial flow within the leading-edge vortex core. The decline in lift from the maximum is coincident with the passage of these phenomena. The entrained vorticity eventually acts to neutralize the positive vorticity of the leading-edge vortex, but Figure 15 shows that the magnitude of the annihilation rate is at a minimum (approaching zero) during peak lift performance. It is also noted that during peak lift, the axial core flow has undergone flow reversal. Just as maximum lift is a singular event, Figure 11 demonstrates that so too is the occurrence of flow reversal in the LEV core. Dye visualization (Fig. 4) demonstrated that vortex burst could be qualitatively defined as the expansion and loss of coherency of the leading-edge vortex in the presence of axial flow stagnation. Measurement of vortex circulation (Fig. 13) revealed that burst did not enforce a circulation strength threshold. In this light, it appears that at Reynolds number Re = 2500 bursting is not the result of vortex saturation, but is initiated when the core flow stagnates.
E. Spanwise Flows during Vortex Burst
Many previous studies have reported observations of the separated flow field of a flat plate wing in rectilinear translation, characterized by the cyclic shedding of leading-and trailing-edge vortices. The shedding of the initial leading-edge vortex into the wake marks the termination of direct interaction with the leading-edge shear layer and the end of LEV growth. As a result of vortex shedding, the wing is cyclically loaded, where lift peaks arise as each LEV reaches its maximum strength 41 . Conversely, in the current rotary wing experiments, peak lift production was found to occur before the LEV attained maximum circulation. It stands to reason that perhaps lift generation is not merely a product of vortical strength but also the rate of growth, as well as the vortex structure and composition.
As previously demonstrated, the axial flow within the vortex is related to the axial vorticity field, but the impact of the neighboring tip vortex on spanwise flow remains to be explored. Figure 16 gives dye flow visualization images in which dye is injected at the leading edge of the wing tip. Images are given here for two wing azimuthal positions, θ = 50
• and θ = 90
• , which are pre-and post-LEV burst, respectively. During the same portion of the stroke over which the LEV bursts, the tip vortex also undergoes a structural transformation. At θ = 50
• , it appears as a coherent conical shape. (Here, the dye injection point makes the tip vortex appear as if there is a vertex pinned to the corner of the wing, but previous studies 2, 5, 18, 32 have shown that there is in fact a topological connection between the leading-edge and tip vortices). At θ = 90
• , however, the tip vortex appears more diffuse and less coherent. An experimental investigation by Carr et al. offered a three-dimensional reconstruction of vortical structures and documented the transition of the tip vortex from a coherent vortex to a system of discrete vortices shrouding a primary vortex 18 . The concurrent expansion (i.e., burst) of both the leading-edge and tip vortices suggests some degree of interaction.
Spanwise Flow
Reexamining Figures 11 and 14 In their work, vortex breakdown occurred near the midspan and the wing experienced an abrupt flow reversal within the LEV core. It was further shown that vortex breakdown was driven by the pressure differential between the wing root and tip. In the current work, the recirculating bubble persists within the leading-edge vortex core with little change in relative position or size until θ = 120
• azimuth, beyond which the vortex transitions to the elongated form it maintains at long times.
Swirl and Vortex Burst
To more closely examine the axial flow during vortex burst, SPIV was performed along a chordwise plane at the r/b = 0.60 spanwise position, i.e., at the outer boundary of the recirculating axial flow bubble. Figure 19 The dimensionless swirl number is defined as the ratio of axial flux of angular momentum to axial flux of axial momentum. In the current work, the swirl number was computed from a simplification of the approach of Gupta et al. 45 to reflect the variable diameter in sweep of the LEV, given by:
where u z denotes the axial velocity and u θ the angular velocity. Angular velocity was determined about the rotational center within the leading-edge vortex identified by the Γ 1 criterion of Graftieaux, et al. 46 Evaluation of the integrand was limited to an interrogation area excluding the shear layer, and the resulting values of swirl number are plotted in Figure   20 . Prior to vortex burst, the swirl number at θ = 30 it would seem vortex burst occurs at a swirl number threshold of S w ≈ 0.6. However, such a criteria may be difficult to ascertain a priori from wing kinematics, and its relationship to experimental parameters such as wing aspect ratio, planform, and incidence remains to be seen.
IV. CONCLUSIONS
Experiments were performed on a rotating flat plate wing to evaluate the process and effects of leading-edge vortex burst. The rectangular aspect ratio 2 wing was fixed at 45
• incidence and rotated at a three-quarter-span Reynolds number of Re 3b/4 = 2500. Dye flow visualizations highlighted the spanwise variation in leading-edge vortex behavior and susceptibility to burst. The leading-edge vortex was found to maintain a coherent conical structure near the wing root for the duration of the wing stroke. Bursting appeared only on the outboard region of the wing, with a sudden expansion of the leading-edge vortex occurring at midspan. Stereoscopic particle image velocimetry was employed at the quarterspan and midspan locations. The LEV maintained a homogeneous vorticity composition at the quarter-span, where the radial velocity within the leading-edge vortex was directed from root to tip with magnitudes greatest in regions of high vorticity concentration. At the midspan plane, however, vortex burst was marked by the entrainment of opposite-sign vorticity into the core of the leading-edge vortex. Simultaneously, the previously root-to-tip axial flow was observed to decelerate within the leading-edge vortex core to stagnation and eventually flow reversal, now directed from wing tip to root. Planar control volume analysis was performed at the midspan to quantify the contributions of convection, shear-flux, and annihilation to the rate of change of the leading-edge vortex circulation. During peak lift production, the rate of vorticity annihilation by entrainment approached zero, suggesting that the entrainment of opposite-sign vorticity is likely not the primary factor in peak lift performance, but rather the establishment of core flow stagnation (or reversal). LEV burst was not found to be a result of saturation; post-burst circulation values exceeded those at the point of burst. Instead, bursting was initiated with the establishment of core flow deceleration, which may be highly dependent on tip vortex development. Quantifying the leading-edge vortex swirl revealed the establishment of burst at r/b = 0.60, corresponding to a swirl number threshold of S w = 0.6. Leading-edge vortex burst occurred prior to the maximum lift achieved by the wing at θ = 120
• . LEV circulation continued to increase past burst, albeit at a slower rate. 
Appendix: Circulation Rate Formulation
In Section III D, a control volume analysis was performed to quantify the contributions to leading-edge vortex circulation as given by Equation (6) (repeated here for convenience)
This result can be obtained via the following derivation. The vorticity transport equation
of Equation (5), can alternatively be written as
because the velocity and vorticity fields are divergence-free. At the midspan, the leading-edge vortex is nominally oriented in the spanwise direction (i.e., the z-direction). Considering 
